1. Introduction {#s0005}
===============

Approximately 60% of corticospinal/corticobulbar tract (CST/CBT) fascicles originate in the primary motor cortex (M1) (Brodmann area 4) ([@bb0155]). The remaining fascicles originate from the non-primary motor cortex (Brodmann area 6) and from the parietal lobe ([@bb0030]; [@bb0065]; [@bb0095]; [@bb0130]). Although the somatotopy of major motor areas in the precentral gyrus (M1-motor homunculus) is well known ([@bb0105]; [@bb0120]), the somatotopy of the CST and CBT is less clear ([@bb0050]; [@bb0100]). Several diffusion tensor imaging (DTI)-based studies have observed differences in somatotopic organization. For instance, in the long axis of the corona radiata (CR) and the posterior limb of the internal capsule (PLIC), hand fascicles were either anterolateral to foot fascicles at the CR ([@bb0090]; [@bb0135]) and PLIC ([@bb0100]) or anteromedial at the PLIC ([@bb0085]). Other studies found the hand fascicles to be anterolateral to the foot fascicles and partially overlapping relationships have been observed at lower levels ([@bb0055]; [@bb0065]; [@bb0145]).

Previous studies used a conventional single-tensor DTI model ([@bb0055]; [@bb0100]; [@bb0145]), which cannot resolve the problem of crossing fibres ([@bb0010]). This problem has been addressed using probabilistic tractography ([@bb0085], [@bb0090]; [@bb0135]). The necessary seed regions of interest (ROIs) required for the tracts dissection were identified manually either on the basis of anatomical landmarks ([@bb0060]; [@bb0080]; [@bb0100]; [@bb0135]) or through the application of functional magnetic resonance imaging (fMRI)-based methods. Using the latter, ROIs were placed in the white matter adjacent to the maximal fMRI activity ([@bb0145]), with some groups adding manually selected ROIs along the course of the CST ([@bb0055]; [@bb0065]; [@bb0075]). In our study, we used a probabilistic DTI 2-tensor model, and selected grey matter ROIs in areas of maximal fMRI activation. Furthermore, we assessed both corticospinal and corticobulbar fascicles which we analysed at six sequential anatomical levels.

The aims of this study were to assess qualitatively and quantitatively the somatotopy of the motor fascicles of the hands, feet, lips and tongue at six sequential levels along the CST/CBT paths and to assess the effect of tumours on the relative somatotopy of these fascicles. We assessed the results of 1.5 T scans because these scanners are more ubiquitous and more common in operative suites.

2. Materials and methods {#s0010}
========================

2.1. Subjects {#s0015}
-------------

The local ethics committee approved this retrospective study. All subjects provided written informed consent in accordance with the Declaration of Helsinki.

The study included a random selection of 10 healthy volunteers (7 males and 3 females, age range 26--41 years; median age 35 years) and 9 patients with intrinsic brain tumours (8 males and 1 female, age range 18--61 years; median age 37 years). Data were acquired from 2007 to 2009 and were retrospectively analysed.

Inclusion criteria were brain tumour patients in proximity to the CST/CBT.

2.2. MRI acquisition {#s0020}
--------------------

All subjects were imaged on a 1.5-T Signa-Excite scanner (GE Healthcare, Milwaukee WI, USA) with the following sequences: coronal 3D-T1-weighted (T1w) fast spoiled gradient-echo (FSPGR) sequence (TI = 450 ms, 1.2 × 1.2 × 1.2 mm^3^); 3 DTI datasets, each with 25 diffusion directions (b = 1000 s/mm^2^) and a single-shot spin-echo echo-planar-imaging (EPI) sequence (TE/TR = 91.5/10,000 ms, 33 contiguous axial slices parallel to the AC-PC line, 2x2x3 mm^3^); 6 fMRI datasets with the following gradient-echo EPI sequence parameters: TE/TR = 50/4000 ms, 39-axial slices parallel to the anterior-posterior commissure-line, 3 × 3 mm^2^ in-plane resolution, slice thickness = 2 mm, gap between slices = 1 mm.

2.3. fMRI paradigm {#s0025}
------------------

All subjects were trained to perform the various paradigms before the scanning session. The "block" design included 8 repetitions of alternating 20-s periods of self-paced movement tasks and rest; hands: finger-thumb opposition; feet: toe flexion/extension; lips: "pucker-up" with closed mouth to avoid major jaw movement-related artefacts; tongue: movement with the mouth closed to reduce jaw movement-related artefacts.

An Eloquence system (Invivo Corporation, Orlando, FL, USA) was used to present the paradigm.

2.4. Data processing and statistical analysis {#s0030}
---------------------------------------------

### 2.4.1. fMRI analysis {#s0035}

fMRI data were analysed with SPM5 ([www.fil.ion.ucl.ac.uk/spm/](http://www.fil.ion.ucl.ac.uk/spm/){#ir0005}) as follows: 1-realignment with mean EPI calculation; 2-co-registration to the T1 image; 3-smoothing with a 6 × 6 × 6 mm^3^ full width at half maximum (FWHM) Gaussian kernel; and 4-estimation of the general linear model (GLM). The results were corrected for multiple comparisons with family-wise error (FWE) corrections thresholded at a *p*-value of 0.05. In 20% of the tasks (30/150), activation did not reach significance above this threshold; therefore, in these cases, uncorrected thresholds with non-task-specific *p*-values of 0.0005 (in 23/150 tasks "15.3%") or uncorrected p-values of 0.001 (in 7/150 tasks "4.7%") were used.

2.5. DTI analysis {#s0040}
-----------------

### 2.5.1. ROI selection {#s0045}

The ROI selection was performed as follows: 1-T1w was segmented to obtain grey matter, white matter and cerebrospinal fluid maps. 2-The grey matter map was used as a mask to select the voxels with fMRI activations within the precentral gyrus\'s grey matter. 3-These voxels were co-registered with the mean EPI to the b = 0 diffusion data and were used as ROIs for tractography. The quality of the co-registration was visually assessed by overlaying the mean EPI in red onto the T1w and the mean EPI onto the b = 0 image, followed by thresholding EPI signals so that only the signal from the cerebrospinal fluid was visible. A maximum mismatch of 1 voxel from the cerebrospinal fluid in b = 0 and 2 voxels from the cerebrospinal fluid in T1w was defined as good coregistration. Two "termination" masks in each cerebral peduncle were selected for each subject. Finally, an "exclusion" mask was selected for each subject, including two sagittal regions in the midline of the brainstem and the corpus callosum. An example of the cortical ROIs is shown in [Fig. 1](#f0005){ref-type="fig"}.Fig. 1Example of fMRI-based ROIs used as seed regions for tractography. Red = foot ROIs, blue = hand ROIs, green = lip ROIs, pink = tongue ROIs.Fig. 1

### 2.5.2. Tractography {#s0050}

Fibre tracking was performed in two steps using FSL software ([www.fmrib.ox.ac.uk/fsl/](http://www.fmrib.ox.ac.uk/fsl/){#ir0010}). First, the diffusion tensor was estimated at each voxel using a 2-tensor model. Second, 3D fibre tracking was performed using probabilistic tractography. Tract selection started from the ROI and terminated in the "termination" mask (beyond which no tracts continued). Streamlines that reached the "exclusion" masks were eliminated. The signal intensity (t-value) in the fMRI voxels represents the probability that the voxel is activated. As previously reported ([@bb0020]), the number of streamlines running from each voxel in the ROI was proportional to the t-value in each voxel and was normalised so that 5000 streamlines were always run from the voxel with the maximum t-value. The fibre-tracking analysis results were further normalised to the number of tracts that reached the termination mask, with the tract intensity in each voxel representing a "connectivity index". Finally, the normalised tracts were warped to match the Montreal Neurological Institute (MNI) template (MNI152, 1-mm isotropic resolution) to enable between-subject comparisons.

### 2.5.3. Tract analysis {#s0055}

Six different axial slices were identified in MNI space: 1-level z = 32 mm (z-coordinate in MNI space) - corona radiata (CR); 2-level z = 23 mm-cella media (CM); 3-level z = 8 mm PLIC-superior (PLICs); 4-level z = −2 mm PLIC-inferior (PLICi); 5-level z = −7 mm anterior commissure (AC); and 6-level z = −12 mm cerebral peduncles (CP). At each level, we defined two perpendicular axes, in the anterior-posterior direction and in the medial-lateral direction with respect to the local anatomy rather than to the patient\'s head. These axes were defined at the various MNI z-levels and will be used to describe the observed fascicle arrangements ([Fig. 2](#f0010){ref-type="fig"}).Fig. 2Axial slices of the MNI template (MNI152, 1-mm isotropic resolution) at the levels of (a) the CM (CR and CM), (b) PLICs and PLICi and (c) CP (AC and CP), where the somatotopic arrangements of the CST/CBT fascicles were assessed. The lines labelled with AP and ML define the anterior-posterior and medial-lateral orientations, respectively, at the various levels used in the results to describe the fascicle arrangements. CR = corona radiata, CM = cella media, PLICs = posterior limb of the internal capsule-superior, PLICi = posterior limb of the internal capsule-inferior (PLICi), AC = anterior commissure, and CP = cerebral peduncles.Fig. 2

Locations of the centre of gravity (CoG) of the various CST components were calculated at the six anatomical levels mentioned above. Euclidean distances between the CoG of the various fascicles (foot-hand, foot-lip, foot-tongue, hand-lip, hand-tongue, lip-tongue) were also calculated. *t*-tests were performed to assess the differences in Euclidean distances in the affected hemispheres versus the combination of healthy and non-affected hemispheres. After a Bonferroni correction was applied to take into account the multiple statistical comparison, *p*-values below 0.008 were considered statistically significant.

The threshold for each fascicle was modified so that only the voxels with the highest connectivity index were visible. The different fascicles were considered overlapping if the voxels with the highest connectivity index had identical spatial coordinates, and they were considered separated if the voxels did not have the same spatial coordinates.

3. Results {#s0060}
==========

The image distortion caused by susceptibility differences at the interface between the brain tissue and air-containing areas was limited and distant from the central brain area; therefore, this distortion did not affect the fMRI activation or the identification and display of the CST and CBT.

Tumours were identified above the level of the corona radiata (1 patient between z = 65 mm and z = 80 mm, 1 patient between z = 45 mm and z = 75 mm); at the level of the corona radiata (3 patients); at the levels of both the corona radiata and the cella media (3 patients); at the levels of CR, CM, PLICs and PLICi (1 patient).

3.1. fMRI {#s0065}
---------

The expected fMRI activation pattern was observed in all subjects in the contralateral precentral and postcentral gyri and in the ipsilateral cerebellum.

In 120/150 tasks (80%), the activation persisted after correcting for multiple comparisons with FWE thresholding at a *p*-value of 0.05. In the remaining tasks (30/150; 20%), the activation persisted with the more sensitive uncorrected threshold p-value of 0.0005 in 23/150 tasks (15.3%), and in 7/150 tasks (4.7%), activation in the motor areas was only detectable with uncorrected *p*-values of 0.001.

3.2. Tractography {#s0070}
-----------------

Overall, the hand related M1 CST fascicles were always identified (38/38, 100%), followed by the foot (32/38, 84%), lip (31/38, 81%) and tongue fascicles (28/38, 74%) ([Table 1](#t0005){ref-type="table"}).Table 1Numbers of hemispheres and percentages of different fascicles that were identified in patients and controls.Table 1TaskPatients -- Affected HemispheresPatients -- Non-Affected HemispheresVolunteersNumber of hemispheresNumber/9%Number/9%Number/20%Hands9100910020100Feet910091001470Lips8898891575Tongue6677781575

At least 2 separate motor fascicles were identified in all 38 hemispheres (100%). All four M1 CST components were identified in 17/38 (44.7%) hemispheres ([Table 2](#t0010){ref-type="table"}).Table 2Percentages and numbers of hemispheres in which all or at least two motor tracts were identified in patients and controls.Table 2All 4 fasciclesAt least 2 fasciclesNumber%Number%Patients -- affected hemispheres6/9679/9100Patients -- non-affected hemispheres5/9569/9100Volunteers6/203020/20100

3.3. Anatomic relationship of the CST fascicles {#s0075}
-----------------------------------------------

### 3.3.1. Foot and hand fascicles {#s0080}

#### 3.3.1.1. Healthy controls {#s0085}

When considering only the foot (F) and hand (H) CST fascicles in healthy controls, the somatotopic arrangement was similar in both hemispheres, as summarised in [Table 3](#t0015){ref-type="table"}.Table 3Summary of the numbers of hemispheres in which the foot and hand fascicles were identified, with their relative arrangements. Different colours are associated with the numbers specified in the table, ranging from a minimum of 0 (green) to a maximum of 13 (red). The various rows represent the six anatomical levels defined in [Fig. 2](#f0010){ref-type="fig"}. CR = corona radiata, CM = cella media, PLICs = posterior limb of the internal capsule-superior, PLICi = posterior limb of the internal capsule-inferior (PLICi), AC = anterior commissure, and CP = cerebral peduncles.Table 3

The number of hemispheres in which the identified fascicles were separate ranged from 11/20 hemispheres at the level of the CP (z-level, −12 mm) to 14/20 hemispheres at the levels of CR, CM and PLICs (z-levels 32, 23 and 8 mm). The somatotopic arrangement was predominantly anterolateral at the most superior levels, ranging from 10/13 separate fascicles (77%) at the PLICi level to 13/14 separate fascicles (93%) at the CR level. When considering the anteromedial arrangement at the most inferior levels, 6/13 separate fascicles (46%) were identified at the AC level, and 5/11 separate fascicles (45%) were identified at the CP level (examples in [Fig. 3](#f0015){ref-type="fig"}, [Fig. 4](#f0020){ref-type="fig"}).Fig. 3Tractography maps of a healthy control overlaid in colour onto the axial MNI T1w template at the levels of the CR, CM, PLICs, PLICi, AC and PC. The colours encode the following different fascicles: red = foot, blue = hand, green = lips and pink = tongue. At the level of the CR (a), the foot fascicle is located in the posterior region of the right hemisphere, with the hand and lip fascicles located anterolateral to it. In the left hemisphere, only the hand and lip fascicles were reconstructed and overlap. At the CM level, the hand fascicles are located anterolateral to the foot fascicles in the right hemisphere. The tongue fascicles are located anterolateral to the foot, hand and lip fascicles. The hand and lip fascicles overlap in the left hemisphere. The somatotopic organization of these fascicles continues to be preserved with the same arrangement along the longitudinal axis of the PLIC at the levels of the PLICs (c) and PLICi (d). At the level of the AC (e), the foot fascicles are located in the posterior region, followed anteriorly by the hand, lip and tongue fascicles in the right hemisphere, whereas the lip and hand fascicles overlap in the left hemisphere.Fig. 3Fig. 4Ttractography maps of a healthy control overlaid in colour onto the axial MNI T1W template at the levels of the CR (top row, left), CM (top row, right), PLICs (middle row, left), PLICi (middle row, right), AC (bottom row, left) and PC (bottom row, right). The colours encode the following different fascicles: pink = foot, yellow = hand, green = lips and purple = tongue. At the level of the CR (top row, left), the foot fascicle is located in the posterior region of the two hemispheres, with the hand and lip fascicles located anterolaterally. In the right hemisphere, the lip and tongue fascicles overlap, while in the left hemisphere, the tongue fascicles are at a more inferior level. At the CM level (top row, right), the hand fascicles are anterolateral to the foot fascicles in both hemispheres. The lip fascicles are located anterior to the hand fascicles. The tongue fascicle overlaps with the lip fascicle on the right hemisphere and is anterior to the lip fascicle (with some degree of overlap) on the left hemisphere. The somatotopic organization of these fascicles continues to be preserved with the same arrangement along the longitudinal axis of the PLIC at the levels of the PLICs (middle row, left) and PLICi (middle row, right), with some degree of overlap between the fascicles. At the level of the AC (bottom left), the foot fascicles are located posteriorly, followed anteriorly by the hand; lip and tongue fascicles overlap in the right hemisphere, and to a lesser degree in the left hemisphere. The 3D reconstructions represent the same tracts.Fig. 4

#### 3.3.1.2. Patients {#s0090}

In patients\' non-affected hemispheres ([Table 3](#t0015){ref-type="table"}), the foot and hand fascicles were (9/9; 100%) reconstructed at all levels. The number of hemispheres in which the identified fascicles were separate ranged from 7/9 hemispheres at the level of the PLICi (z-level, −2 mm) to 9/9 hemispheres at the CR and CM levels (z-levels 32 and 23, respectively). The somatotopic arrangement was mostly anterolateral at the most superior levels, ranging from 4/8 separate fascicles (50%) at the PLICs level to 7/9 separate fascicles (78%) at the CR and CM levels. The arrangement was mostly anterior at the most inferior levels, ranging from 5/7 separate fascicles (71%) at the PLICi level to 6/8 separate fascicles (75%) at the AC and CP levels (examples in [Fig. 5](#f0025){ref-type="fig"}).Fig. 5A patient with the left superior frontal glioma located within the vicinity of the left CST/CBT. The figure shows T1w axial slices with overlaid fibre tractography maps depicted in colour. The images were normalised to the MNI template. The selected slices are presented at the levels of the CR (top left), CM (top right), PLICs (middle left), PLICi (middle right), AC (bottom left) and CP (bottom right). At the level of the CR (top left), the hand fascicles (red) are located anterolateral to the foot fascicles (blue) in both affected and non-affected hemispheres. However, in the affected hemisphere, these fascicles are displaced posteriorly and laterally. At the level of CM (top left), the CST/CBT fascicular components are somatotopically arranged with the foot fascicles in a posterior position, followed anterolaterally by the hand fascicles and the lip fascicles (tongue fascicles were not identified in this case). In the affected hemisphere, the different CST/CBT fascicular components are displaced by the tumours, yet their somatotopic organization is preserved. At the PLICs (middle left) and PLICi (middle right) levels, the fascicles are arranged from posterior to anterior in the non-affected hemisphere, with the foot fascicle located in the posterior region, followed by the hand and lip fascicles. In the affected hemisphere, the foot fascicles are medial, while hand and lip fascicles overlap and are lateral to the foot fascicles. At the level of the AC (bottom left), these fascicles are again somatotopically organised in the non-affected hemisphere, with the foot fascicles located in the most posterior aspect, followed anteriorly by the hand and lip fascicles. All three fascicles overlap in the affected hemisphere.Fig. 5

In patients\' affected hemispheres ([Table 3](#t0015){ref-type="table"}), the foot and hand fascicles were (9/9; 100%) reconstructed at all levels. The number of hemispheres in which the identified fascicles were separate ranged from 6/9 hemispheres (67%) at the most inferior levels (PLICs to CP, z-level 8 mm to −12 mm) to 9/9 hemispheres (100%) at the CR and CM levels (z-levels 32 and 23, respectively). The somatotopic arrangement was mostly anterolateral at the superior PLICs and PLICi levels (4/6 separate fascicles; 67%) and at the CR (8/9 separate fascicles; 89%) and CM levels (7/9 separate fascicles; 78%). The arrangement was anterior at the inferior AC level (4/6 separate fascicles; 67%) and the CP level (5/6 separate fascicles; 83). In only one case, and only at the CM level, the hand was posterolateral to the foot fascicle.

The mean (standard deviation) Euclidean distances between the foot and hand fascicles ranged from 10.5 mm (CR) to 4 mm (CP) in the affected hemispheres and 9.4 mm (CR) to 4.2 mm (CP) in the group of healthy and non-affected hemispheres ([Table 4](#t0020){ref-type="table"}). No statistically significant difference was found between the 2 groups.Table 4Mean (standard deviation) of Euclidean distances between foot and hand fascicles of the corticospinal tract. CR = corona radiata, CM = cella media, PLICs = posterior limb of the internal capsule-superior, PLICi = posterior limb of the internal capsule-inferior (PLICi), AC = anterior commissure, and CP = cerebral peduncles.Table 4Affected hemispheresHealthy and non-affected hemispheresp-valuesCR10.5 (3.9)9.4 (2.4)0.51CM9.7 (4.1)8.9 (3.1)0.68PLICs5.1 (3.3)5.0 (2.1)0.98PLICi3.4 (2.3)4.4 (1.8)0.30AC3.7 (2.1)4.5 (1.9)0.43CP4.0 (3.1)4.2 (1.9)0.92

### 3.3.2. Lip and tongue fascicles {#s0095}

#### 3.3.2.1. Healthy controls {#s0100}

When considering only the lip (L) and tongue (T) CBT fascicles in healthy controls, the number of hemispheres in which the identified fascicles were separate ranged from 1/20 hemispheres (5%) at the CR level (z-level 32 mm) to 6/20 hemispheres (30%) at the CM level (z-level 23 mm) ([Table 5](#t0025){ref-type="table"}). The number of hemispheres in which the L and T CBT fascicles overlapped ranged from 5/20 hemispheres (25%) at the CR level to 9/20 hemispheres (45%) at the CP level.Table 5Summary of the number of hemispheres in which the lip and tongue fascicles were identified, with their relative arrangements. Different colours are associated with the numbers specified in the table, ranging from a minimum of 0 (green) to a maximum of 9 (red). The various rows represent the six anatomical levels defined in [Fig. 2](#f0010){ref-type="fig"}. CR = corona radiata, CM = cella media, PLICs = posterior limb of the internal capsule-superior, PLICi = posterior limb of the internal capsule-inferior (PLICi), AC = anterior commissure, and CP = cerebral peduncles.Table 5

The somatotopic arrangement was predominantly overlapping and presented various arrangements when the fascicles were separated ([Table 5](#t0025){ref-type="table"}).

#### 3.3.2.2. Patients {#s0105}

In patients\' non-affected hemispheres, the number of hemispheres in which the identified L and T CBT fascicles were separate ranged from 1/20 hemispheres (5%) at the CM level (z-level 23 mm) to 3/20 hemispheres (15%) at the PLICi and AC levels (z-levels −2 and − 7 mm, respectively). The number of hemispheres in which the L and T CBT fascicles overlapped ranged from 2/20 hemispheres (10%) at the PLICi and AC levels to 4/20 hemispheres (20%) at the CM and PLICs levels.

The somatotopic arrangement was mostly overlapping and presented various arrangements when the fascicles were separated (examples in [Fig. 5](#f0025){ref-type="fig"}).

In patients\' affected hemispheres, the number of hemispheres in which the identified L and T CBT fascicles were separate ranged from 0 at the CR, CM and AC levels to 1/20 hemispheres (5%) at the other levels. The number of hemispheres in which the L and T CBT fascicles overlapped ranged from 3/20 hemispheres (15%) at the CR level to 5/20 hemispheres (25%) at the AC level.

The somatotopic arrangement was predominantly overlapping and presented various arrangements when the fascicles were separated (examples in [Fig. 5](#f0025){ref-type="fig"}).

The mean (standard deviation) Euclidean distances between the lip and tongue fascicles ranged from 3.5 mm (CR) to 1.1 mm (CP) in the affected hemispheres and 4.7 mm (CR) to 1.8 mm (CP) in the group of healthy and non-affected hemispheres ([Table 6](#t0030){ref-type="table"}). No statistically significant difference was found between the 2 groups.Table 6Mean (standard deviation) of Euclidean distances between lip and tongue fascicles. CR = corona radiata, CM = cella media, PLICs = posterior limb of the internal capsule-superior, PLICi = posterior limb of the internal capsule-inferior (PLICi), AC = anterior commissure, and CP = cerebral peduncles.Table 6Affected hemispheresHealthy and non-affected hemispheresp-valuesCR3.5 (2.0)4.7 (4.6)0.50CM6.5 (7.9)3.8 (4.9)0.49PLICs1.0 (1.0)2.4 (2.9)0.12PLICi1.0 (1.0)1.9 (2.1)0.20AC1.5 (1.5)1.8 (2.1)0.69CP1.1 (1.4)1.8 (2.4)0.45

Euclidean distances were also calculated for the combination of the various fascicles ([Table 7](#t0035){ref-type="table"}). No statistically significant differences were found between the group of affected hemispheres and that of healthy and non-affected hemispheres.Table 7Mean (standard deviation) \[*p*-values\] of Euclidean distances between fascicles: FL = foot-lips, FT = foot-tongue, HL = hand-lips, HT = hand-tongue. CR = corona radiata, CM = cella media, PLICs = posterior limb of the internal capsule-superior, PLICi = posterior limb of the internal capsule-inferior (PLICi), AC = anterior commissure, and CP = cerebral peduncles.Table 7Affected hemispheresHealthy and non-affected hemispheresFLFTHLHTFLFTHLHTCR20.4 (9.4)17.9 (7.5)12.1 (7.9)10.0 (8.2)16.1 (7.6) \[0.36\]18.8 (7.7) \[0.81\]6.5 (5.8) \[0.16\]10.6 (6.6) \[0.88\]CM12.8 (5.1)16.6 (8.8)5.1 (2.6)9.3 (7.2)12.5 (5.5) \[0.92\]13.2 (5.0) \[0.41\]4.9 (5.3) \[0.92\]7.4 (5.8) \[0.57\]PLICs5.0 (2.6)6.3 (4.3)1.8 (1.6)2.3 (1.1)7.9 (3.2) \[0.06\]7.0 (2.6) \[0.76\]3.1 (2.7) \[0.16\]3.6 (1.8) \[0.06\]PLICi3.3 (1.7)4.0 (2.7)1.7 (1.4)1.9 (0.7)5.0 (1.6) \[0.07\]4.9 (1.6) \[0.47\]2.5 (2.0) \[0.26\]2.6 (1.2) \[0.11\]AC3.3 (1.9)4.0 (2.2)2.1 (1.7)1.9 (0.7)5.2 (1.9) \[0.07\]5.5 (2.0) \[0.18\]2.6 (2.0) \[0.58\]2.6 (1.4) \[0.15\]CP3.4 (3.8)4.4 (3.6)1.5 (1.2)1.5 (0.7)5.4 (2.3) \[0.31\]5.0 (1.4) \[0.71\]2.5 (2.6) \[0.20\]2.2 (1.6) \[0.12\]

4. Discussion {#s0110}
=============

In this study, we used fMRI and probabilistic DTI to define the somatotopic organization of the foot, hand, lip and tongue fascicles of the CST/CBT. Our reference line was the long axis of six sequential slices of the MNI template. We found the hand to be anterolateral to foot fascicles at the superior levels in 77--93% of healthy hemispheres (HH), in 50--71% of non-affected patients\' hemispheres (PH) and in 67--89% of affected PH. At the inferior levels, the hand fascicles were anteromedial to foot fascicles in 45--46% of HH or anterior to them in 75% of non-affected PH and in 67--83% of affected PH. The tongue and lip fascicles overlapped in 25--45% of HH, in 10--20% of non-affected PH and in 15--25% of affected PH. In almost all cases, the tumour displaced the CST/CBT without altering their somatotopy.

Our study benefited from the use of 2 tensor probabilistic fibre-tracking, the limited operator input in selecting ROIs, the identification of both CST and CBT, and the identification of the fibre arrangements at six sequential anatomical levels.

Although the somatotopic organization in the cortical homunculus is well established ([@bb0105]; [@bb0045]; [@bb0120]), it remains controversial within the CST/CBT ([@bb0055]; [@bb0100]). Two patterns of organization have been described at the PLIC level in studies combining fMRI and tractography. Using the orientation convention used in the present paper ([Fig. 2](#f0010){ref-type="fig"}), the hand was described to be either lateral ([@bb0055]; [@bb0065]) or anterior to the foot fascicle ([@bb0065]; [@bb0085]; [@bb0100]). A study using direct white matter electrical stimulation in the PLIC area reported a face-anterior, arm-intermediate and leg-posterior somatotopic organization ([@bb0025]). Ffurther fMRI/tractography studies described the pattern at the centrum semiovale level (hand anterolateral to foot fascicles, [@bb0135]), and at the CP level (hand anterolateral to foot fascicles, [@bb0080]).

To the best of our knowledge, lip and tongue fascicular organization has not been previously investigated together using fMRI-DTI; only the lip fascicle was reconstructed, and was located at the PLIC level anterior to the hand and foot fascicles ([@bb0145]). In in our study, the lip and tongue fascicles were visualised less frequently than the hand and foot fascicles, in part because they are simply not present at some of the superior levels. Another explanation relates to the limitations of probabilistic tractography, which does not always overcome the issue of crossing and kissing fibres ([@bb0070]) as happens when these fascicles cross the superior longitudinal fasciculus.

We successfully distinguished the somatotopic organization of the CST/CBT in healthy volunteers and patients. Along the long- axis of the superior levels (CM-PLIC), the hand fascicles were anterolateral to the foot fascicles in 77--93% of HH and anteromedial at the inferior levels (AC-CP) in 45--46% of HH. The tongue and lip fascicles overlapped at all levels in 25--45% of HH. These findings are consistent with the patterns described in previous studies in which the hand fascicles were anterolateral to the foot fascicles along the long axis at the CR ([@bb0090]; [@bb0135]) and PLIC levels ([@bb0100]). Using a different approach, other studies have described the reference line along the PLIC' short axis, with the hand medial to foot fascicles ([@bb0100]). The tongue and lip fascicles generally overlapped at all levels which is consistent with previous work showing that body part representations closer to each other are more likely to overlap ([@bb0025])

At the midbrain level, variable arrangements were observed with the hand anteromedial to foot fascicles in 46--45% of HH. Other studies found the hand fascicles medial to the foot fascicles ([@bb0060]; [@bb0080]; [@bb0100]). Some studies used operator-dependent methods by selecting ROIs based on either known anatomical landmarks ([@bb0010]; [@bb0055]; [@bb0060]; [@bb0080]; [@bb0100]; [@bb0135]) or partially operator-dependent fMRI-driven methods ([@bb0040]; [@bb0050]; [@bb0065]; [@bb0075]; [@bb0085], [@bb0090]; [@bb0110]; [@bb0125]; [@bb0145]). In these methods, ROIs were manually selected by choosing the white matter voxels either closest to the fMRI activation ([@bb0040]; [@bb0050]; [@bb0110]; [@bb0125]; [@bb0145]) or at different locations along the CST in combination with fMRI-driven ROIs ([@bb0050]; [@bb0065]; [@bb0075]; [@bb0085], [@bb0090]; [@bb0110]; [@bb0125]; [@bb0145]). Care needs also to be taken when selecting ROIs on the basis of known anatomical landmarks as their identification can be limited by their inter-individual variability and potential distortion by adjacent brain tumours thereby limiting the precision of this approach ([@bb0060]; [@bb0065]; [@bb0075]; [@bb0100]; [@bb0125]; [@bb0135]; [@bb0145]; [@bb0150]). Furthermore, with the exception of the hand motor area 'hand-knob' the motor areas of the precentral gyrus lack clear anatomical landmarks ([@bb0160], [@bb0165]). An operator-independent ROI selection proposed by Cherubini et al. defined ROIs on the basis of the maximal fMRI activation ([@bb0020]). We adapted the method by restricting the ROI to the grey matter voxels of the precentral gyrus within the fMRI activation area.

Conventional DTI has limited applications due to the crossing fibre problem, which can be largely overcome by the probabilistic DTI from the FSL package ([@bb0005]; [@bb0010]; [@bb0090]; [@bb0145]; [@bb0150]; [@bb0170]).

In our study, we used a probabilistic DTI 2-tensor model, which largely addressed the crossing fibres problem that affected the previously used single-tensor model ([@bb0010]; [@bb0145]; [@bb0150]). As a result, CBT components traversed by the longitudinal fasciculus were identified in most cases and in proximity to the tumours.

Several studies have examined the effects of tumours on nearby tracts ([@bb0050]; [@bb0125]; [@bb0145]). In our study, we found that tumours displaced the entire adjacent tract without altering its somatotopy ([Table 3](#t0015){ref-type="table"}, [Table 4](#t0020){ref-type="table"}). The present results may therefore contribute to the pre-surgical assessment and inform clinical practice.

Despite the aforementioned improvements, our method localised the tongue and lip fascicles in 5--45% of subjects. In some cases, tractography stopped at the longitudinal fasciculus level or reproduced artefactual tracts. Improved tracking methods and data acquisition in stronger 3 T magnetic fields and with more diffusion directions (60 or more), larger diffusion gradients (b-values of 2500--3000 s/mm^2^) and possibly several b-values could overcome this problem ([@bb0115]).

Another promising approach is the use of arterial spin labelling-based fMRI ([@bb0015]) or transcranial magnetic stimulation (TMS). TMS locates the signal at a neuronal level, allowing a high-resolution physiological approach. The confounders of this technique include the scalp-to-cortex distance and that the TMS pulse may depend not only on activation at the site of the stimulus but also depend on direct responses from remote areas of the cortex ([@bb0140]). The fMRI signal is related to the blood flow and blood oxygenation rather than directly to neuronal activation and as such is an indirect measurement of neuronal activity, leading to a potential spatial discrepancy. fMRI, however, has the advantage of a reduced operator dependency compared to TMS and of being widely available and used in the clinical environment; therefore, it is easy to integrate into the clinical routine pathway, especially for presurgical planning for intracerebral tumours.

The main limitation of our study results from the use of a 1.5 T scanner rather than a 3 T scanner. A higher field strength improves the signal-to-noise ratio and thereby the fMRI blood oxygen level-dependent (BOLD) signal. This signal is also less affected by the venous compartments, providing a more specific localization in the grey matter ([@bb0035]). Recent hardware and software improvements also allow the use of DTI sequences with a higher number of directions, larger b-values and multiple b-values in 5--10 min acquisitions, thereby improving the reliability of the results. However, our results also show that it is possible to discriminate the fascicles at the more ubiquitous field strength of 1.5 T.

5. Conclusions {#s0115}
==============

The fMRI and DTI technique applied here enables reliable identification of the somatotopic organization of the principal motor pathways at the most commonly used field strength of 1.5 T. The predominant somatotopic organization within the CST was for the hand fascicle to be located anterolateral to the foot fascicle along the long axis of the CR and PLIC at the most superior levels and anteromedial to the foot fascicles at the most inferior levels (CP). The arrangement of the tongue and lip fascicles predominantly overlapped at all levels.

In the majority of cases assessed in this study, the mass effect of tumours led to the displacement of the fascicles, without affecting their relative organization.
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